Purpose Polycystic ovary syndrome (PCOS) is the most common endocrinopathy among women at reproductive age. However, its etiology remains poorly understood. Recent studies indicated that telomere length was related to PCOS. However, the association between telomere length and PCOS has only been shown in leucocytes and remained controversial across different studies. To clarify the association between telomere length and PCOS, the current study interrogated telomere length not only in leucocytes, but also in follicular granulosa cells, which is essential for folliculogenesis and steroidogenesis. Methods Seventy-five patients with PCOS and 81 controls with mechanical infertility undergoing their first in vitro fertilization cycle were enrolled. Their peripheral blood and granulosa cells were collected on the oocyte retrieval day. Telomere length of both leucocytes in the blood and granulosa cells was assayed by quantitative polymerase chain reaction. Results No significant difference was found in the leucocyte telomere length between controls and PCOS patients (0.99 ± 0.44 vs. 1.00 ± 0.38, p = 0.93). Interestingly, when comparing telomere length in granulosa cells between controls and PCOS subjects, significantly lengthened telomere length was found in PCOS subjects (1.00 ± 0.37 vs. 1.57 ±0.67, p < 0.0001). After adjustments for age and body mass index, the p value remained significant (p < 0.0001). Conclusions This finding reinforced the association between telomere abnormalities and PCOS. Given the importance of telomere length in cellular proliferation, our findings provided novel insights into the pathophysiology of PCOS that abnormalities in telomere length possibly disturb folliculogenesis and subsequently result in PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is the most common endocrinopathy among women of reproductive age. Its prevalence is reported to be 6-8% in this age group [1, 2] . Features of PCOS include hyperandrogenemia, oligoovulation, and polycystic ovarian morphology; these commonly lead to anovulatory infertility and a series of metabolic complications, including metabolic syndrome, type 2 diabetes, and cardiovascular disease [3, 4] . PCOS jeopardizes a woman's health throughout her entire lifespan, but the etiology and pathogenesis of this syndrome remain unclear. As a complex disease, the etiology of PCOS is thought to be multifaceted, including genetic factors and multiple environmental factors such as gestational environment and lifestyle. Notably, genetic factors are the major component of and predisposing factors to the etiology of PCOS [5] . Two large scale genome-wide association (GWA) studies of the Han Chinese population have identified 11 susceptibility loci for PCOS [6, 7] . However, other genetic components that were overlooked by GWA studies, such as telomeres, also play an essential role in gene expression and cellular proliferation. A prior study using a large cohort of PCOS subjects indicated that leukocyte telomere length (LTL) was strongly associated with PCOS. Individuals with PCOS exhibited significantly shorter LTL than controls (0.764 ± 0.016 vs. 0.876 ± 0.023, P = 0.001; OR = 1.403, 95% CI 1.150-1.712) [8] . These data were inspiring and suggested abnormalities in LTL might participate in the pathogenesis of PCOS. However, a recent study conducted in Brazilian women failed to detect the association between LTL and PCOS [9] . Considering the highly varied telomere length among different cell types, evidence from leucocytes has limited power to provide optimal evidence for the association between telomere length and PCOS. This is because leucocytes, though highly accessible, apparently do not directly participate in the pathophysiological process of PCOS. Moreover, previous existing studies focusing on ovarian insufficiency, another major ovulation disorder, discovered discrepant tendencies of telomere length abnormality in leucocytes and granulosa cells (GCs) [10, 11] , which warrants the necessity of studying telomere length in cell types other than leucocytes. Importantly, GCs play a pivotal role in folliculogenesis and steroidogenesis. Thus, GCs is presumably an optimal cell type for telomere length studies of PCOS. Additionally, telomerase, a ribonucleoprotein enzyme capable of maintaining telomere length, is highly expressed in ovarian tissues. In vitro experiments have found telomerase activity in bovine follicles, suggesting that active telomerase permits the proliferation of granulosa cells required for proper follicle formation [12, 13] .
Because of the importance of GCs in the pathogenesis of PCOS and the existence of telomere activity in GCs, in the current study, we proposed to investigate the association between GC telomere length (GCTL) and PCOS. To replicate prior discrepant results in leucocytes and prove our hypothesis, telomere length in both leucocytes and GCs was measured and compared between women with PCOS and controls. The association between GCTL and PCOS may reveal other important facets of the possible role of telomere length in the pathogenesis of PCOS.
Materials and methods

Subjects
Informed consent was obtained from all individual participants included in the study. Seventy-five women with PCOS undergoing their first IVF/ICSI cycle were recruited from January 2013 to May 2015. Eighty-one age-matched controls were enrolled at the same time. All of the participants were confirmed to have a normal karyotype. All PCOS cases were selected in strict accordance with the Revised 2003 Consensus on Diagnostic Criteria, which requires the presence of at least two of the following criteria for a PCOS diagnosis: oligo-and/ or anovulation, clinical and/or biochemical signs of hyperandrogenism, and PCOS [14] . Diagnoses of PCOS were made after excluding other etiologies for hyperandrogenemia and ovulatory dysfunction (e.g., congenital adrenal hyperplasia, 21-hydroxylase deficiency, androgen-secreting tumors, Cushing's syndrome, thyroid disease, and hyperprolactinemia). All subjects in the control group had regular menstrual cycles (26-35 days) and normal ovarian morphology with either male factor infertility or tubal factor infertility. Anthropometric variables, such as age, height, body weight, and menstrual cycle, and select endocrine and biochemical parameters were recorded. Total testosterone (T) and modified Ferriman-Gallwey scores were evaluated to exclude hyperandrogenism. Luteinizing hormone (LH), follicle stimulating hormone (FSH), and T were measured by chemiluminescence immunization (Beckman Access Health Company, MN).
Ovarian stimulation
All of the IVF/ICSI cycles were carried out according to the standard protocols of our IVF center. After gonadotropin-releasing hormone agonist (triptorelin acetate, Ferring AG, Switzerland) pituitary downregulation, the following ovarian stimulation by recombinant FSH (Gonal-F; Serono, Switzerland) was given. When three or more follicles reached 17 mm in diameter, 6000~10,000 IU human chorionic gonadotropin (hCG) (human Chorionic Gonadotrophin; Lizhu, China) was administered.
Blood and GCs collection
On the morning of the oocyte retrieval day 36 h after hCG trigger, peripheral blood was drawn and stored at −80°C. Oocytes were routinely retrieved via transvaginal ultrasound-guided aspiration. All of the cumulus-corona oocyte complexes (COCs) were picked up by an embryologist. All the follicular fluid from one patient was pooled. The GC isolation protocol was modified slightly from the method introduced by Hirokazu et al. [15] . Briefly, after centrifugation (250×g, 10 min), hyaluronidase (SAGE IVF, Pasadena, CA) was added to the pellet. After incubation (5% CO 2 and air, 37°C for 30 min), cell masses were pipetted and then underlayered with Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden) and were centrifuged (450×g, 20 min) for cell separation. Specifically, erythrocytes settled to the bottom. The ring-like layer containing GCs was collected, washed with phosphate-buffered saline (PBS), and stored at −80°C.
Quantitative telomere length analysis
Relative telomere length was determined by the quantitative polymerase chain reaction (qPCR) method introduced by Cawthon [16, 17] . Briefly, this technique measures the factor by which the ratio of telomere repeat copy number to β-globin single-gene copy number differs between an unknown sample and a reference DNA sample. This method generates a relative telomere/single copy gene (T/S) ratio that is proportional to the average telomere length.
Genomic DNA was extracted from both GCs and leucocytes in blood using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) and then diluted to approximately 10 ng/μl with Tris-EDTA buffer (TE). Genomic DNA was heated to 95°C for 5 min and then cooled on ice to render it single-stranded. Telomere qPCR and single-copy gene (β-globin) qPCR were performed separately in two 384-well plates. The qPCRs for each sample were performed in triplicate, and three identical 20 ng aliquots of DNA samples were added. The well position of telomere qPCR for a certain sample on the first plate matched its well position of β-globin gene qPCR on the second plate. The qPCR were carried out on a LightCycler Roche 480 using LightCycler® 480 SYBR Green I Master kit (Roche Applied Science, Indianapolis, IN) in a total reaction volume of 20 μl/well. The composition of telomere and β-globin gene qPCR was identical except for the oligonucleotide primers. The sequence and final concentration of the primers were 100 nM of primer telomere 1 (5′ -CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGT TTGGGTT-3′) and 900 nM of primer telomere 2 (5′ -GGCTTGCCTTACCCTTACCCTTACCCTTACCC TTACCCT-3′); 300 nM of β-globin 1 (5′ -GCTTCTGA CACAACTGTGTTCACTAGC-3′); and 700 nM of β-globin 2 (5′ -CACCAACTTCATCCACGTTCACC -3′). PCR was performed by denaturing at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 1 min for telomere qPCR, and 57°C for 1 min for β-globin qPCRs, respectively, and extension at 72°C for 15 s. To construct a standard curve, one reference DNA sample serially diluted in TE buffer by fivefolds per dilution to produce five concentrations from 50 to 0.08 ng/μl, and they were run in triplicate on each 384-well plate. Negative controls without DNA were also processed on each 384-well plate.
Statistical analysis
The T/S ratios were not normally distributed, so they were log-transformed to employ Student's t test for interpretation. Linear regression model was created to adjust covariates. P values less than 0.05 were considered statistically significant for all statistical tests. All of the statistical analysis was performed with SPSS software version 19 (IBM, Chicago).
Results
Clinical characteristics of subjects
The major anthropometric variables, endocrine parameters and IVF/ICSI cycle characteristics of all of the participants are displayed in Table 1 . Women with PCOS and controls had comparable age. Subjects with PCOS had significantly elevated body mass index (BMI), LH, antral follicle count, and T compared with controls. Serum FSH level of women with PCOS was one unit higher than controls, which is probably due to our limited sample size. Though fewer starting Gn was administered, the PCOS subjects manifested better ovarian response because of their better ovarian reserve. PCOS patients had significantly elevated serum E 2 level and more dominant follicles (≥14 mm) on hCG day, and more oocytes were obtained from them.
Relative telomere length and PCOS
The telomere length distribution of leucocytes and GCs from PCOS subjects and controls is shown in Fig. 1 . The telomere length values were not normally distributed by the Kolmogorov-Smirnov test; therefore, they were logtransformed to employ Student's t test for interpretation. The t test indicated no significant difference in LTL between women with PCOS and controls (0.99 ± 0.44 vs. 1.00 ± 0.38, p = 0.93) (Fig. 1a) . Interestingly, when comparing GCTL, women with PCOS exhibited significantly lengthened telomere length than controls (1.57 ± 0.67 vs. 1.00 ± 0.37, p < 0.0001) (Fig. 1b and Table 2) . Linear regression was then used to adjust age and BMI. After adjustment, the p value remained significant (p < 0.0001). Logistic regression was then used to further determine the contribution of telomere length to the odd of PCOS. After adjusting for age and BMI, logistic regression showed that for every one unit increase in telomere length, the women were 2.29 times more likely to suffer from PCOS (Table 2) .
Correlation between telomere length and clinical characteristics
Linear regression models were used to determine whether there were significant associations between relative telomere length and the clinical characteristics in Table 1 . The linear regression models were constructed in the PCOS group and the control group. There was no significant association between age and telomere length from leucocytes or GCs (Fig. 2) . No clinical parameters were found to be significantly associated with relative telomere length.
Discussion
The discovery of telomeres dates back to the early twentieth century. However, it was not until the late 1970s that a major breakthrough enlightened us that telomeres are the key structure protecting chromosomes from deleterious degradation [18] . In humans, the average telomere length typically ranges from 10 to 15 kb. Telomere DNA shortens at a rate of 50-200 bp with each round of chromosome replication in all replicating somatic cells. This unique mechanism determines the limited replications of somatic cells. If the continuously shortening telomere reaches a critical length, it will result in senescence or apoptotic cell death [19] . Due to the essential role of telomeres in cellular aging, since their discovery, researchers have devoted much attention to studying the relationship with human diseases. For example, telomeres are causally linked to dyskeratosis congenita, Werner syndrome, Bloom syndrome, Nijmegen breakage syndrome, Fanconi anemia, and cancer [20] [21] [22] [23] [24] [25] . Telomeres have shown their implications in numerous metabolism related diseases, such as cardiovascular disease, atherosclerosis, and diabetes mellitus [26] [27] [28] . In the field of human reproduction, telomeres are found to be related to ovarian aging [10, 11] . Notably, a study discovered significantly shorter telomere length in leukocytes from women with PCOS [8] , while a later study failed to replicate the association between telomere length in leukocytes and PCOS.
In the current study, we revisited the relationship between telomere length and PCOS in leucocytes and, more importantly, follicular GCs. This is because telomere length varies in different cell types, and previous studies focusing on premature ovary insufficiency revealed contradictory tendencies of telomere length abnormalities in leukocytes and GCs. Interestingly, though failed to detect the association between LTL and PCOS, the current study discovered significantly lengthened telomeres instead of shortened telomeres in GCs from women with PCOS. The absolute difference of telomere length is statistically significant.
The discrepant tendency of telomere length in different cell types deserves profound discussion. In addition to mitotic division, telomere length can also be affected by other factors, including genetics, oxidative stress, and inflammation [29] [30] [31] . In the previous study using leukocytes, the authors explained that the significantly shorter LTL is mainly due to excessive oxidative stress, which is also reasonably capable of shortening telomeres in GCs. The key difference between GCs and leukocytes is the existence of telomerase in GCs but not in leukocytes. Telomerase is an enzyme complex that binds telomere and maintains telomere length and integrity. It is absent from differentiated cells or aged cells, but it expresses in germline cells and granulosa cells in the ovary [32] . The activity of telomerase is another determinant of telomere length in GCs except for oxidative stress.
As suggested by prior findings, elevated T, a hallmark of PCOS, potentially increases telomerase activity [33] . Moreover, studies have consistently shown that high telomerase activity is present in the smallest preantral follicles [12, 13] . In biopsies of polycystic ovaries from PCOS women, the median density of small preantral follicles was sixfold greater than in normal ovaries [34] . The accumulated PCOS preantral follicles, which have high telomerase activity, potentially have a greater capability for telomere replenishment than normal follicles, which would accomplish the transition from primordial to antral stages sooner. On the other hand, in situ hybridization and in situ assay of telomerase activity demonstrate the association of high levels of telomerase activity with the highly proliferative GCs in growing follicles [12, 13] . Coincidently, increased GCs proliferation was also found in PCOS [35] ; therefore, we can assume that the highly proliferative GCs in PCOS possibly have higher telomere activity.
The GCs collected in the current study is from large ovulatory follicles after hCG trigger and these follicles have finished the luteinizing transition. Telomerase activity is the highest in preantral follicles, and it decreases significantly as the follicles enlarge. Moreover, telomerase is absent from differentiated or aged cells; therefore, telomerase activity was not measured in the study. Our data did not show a correlation between age and telomere length, probably because of our narrow-age cohort design and limited sample size (Fig. 2) . Particularly, the replication of GCs only occurs after follicle activation and lasts for months until oocyte retrieval, thus age has little impact on GCTL. Our telomere study in GCs provided supplementary insight to the relationship between telomere length and PCOS, but further data are required to testify whether the relationship is merely an association or a potential mechanism underlying susceptibility to PCOS.
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